Summary We compared temporal trends in serum 25-hydroxyvitamin D and parathyroid hormone (PTH) in two primary hyperparathyroidism (PHPT) cohorts recruited 20 years apart. The prevalence of 25-hydroxyvitamin D levels <20 and <30 ng/mL declined by 30-50 %, respectively, and was accompanied by lower PTH. In the older cohort, higher PTH may be due to lower 25-hydroxyvitamin D. Introduction Vitamin D deficiency may exacerbate PHPT. Whether there have been temporal trends in 25-hydroxyvitamin D (25OHD) levels in PHPT is unclear. The prevalence of low vitamin D levels (25OHD <20 and <30 ng/ mL) and associated biochemical and bone mineral density (BMD) profiles were assessed in two PHPT cohorts recruited over 20 years apart. Methods This is a cross-sectional comparison of serum 25OHD levels, calciotropic hormones, and BMD between two PHPT cohorts recruited at the same hospital: the "old" (N=103) and "new" (N=100) cohorts were enrolled between 1984 and 1991 and between 2010 and 2014, respectively. Results Mean 25OHD levels were 26 % higher in the new cohort (23±10 vs. 29±10 ng/mL, p<0.0001). Levels of 25OHD <20 and <30 ng/mL declined from 46 and 82 %, respectively, to 19 and 54 % (both p<0.0001). Supplemental vitamin D use was common in the new (64 %) but not the old cohort (0 %). The new cohort demonstrated 33 % lower serum PTH levels (p<0.0001). Neither serum nor urine calcium differed. BMD was higher in the new cohort at all skeletal sites (all p<0.001). Conclusion With the rise in vitamin D supplementation over the last two decades, low 25OHD levels are no longer common in PHPT patients in the New York area. Those with 25OHD <20 and <30 ng/mL have declined by over 50 and 30 %, respectively. The lower mean PTH levels in the new cohort are most likely accounted for by higher vitamin D intake. Whether improved vitamin D status also underlies the relatively higher BMD in the more vitamin D replete cohort of PHPT patients is unknown.
Introduction
Vitamin D deficiency is common in primary hyperparathyroidism (PHPT) and has been reported to occur more frequently than in those without PHPT [1, 2] . Several pathophysiological mechanisms may contribute to the association between vitamin D deficiency and PHPT. Parathyroid hormone (PTH) may facilitate the conversion of 25-hydroxyvitamin D to 1,25-dihydroxyvitamin D by stimulating renal 1-alpha hydroxylase activity [3] . Increased levels of 1,25-dihydroxyvitamin D in PHPT have also been proposed to affect overall vitamin D status, by inhibiting the production of vitamin D in the skin and its subsequent conversion in the liver. The half-life of 25-hydroxyvitamin D, the liver product, may also be shortened in PHPT, with increased metabolic clearance due to enhanced hepatic inactivation [4] . Alternatively, chronic vitamin D deficiency, which causes parathyroid gland stimulation, may lead to subsequent hyperplasia and autonomous adenomatous change. Some studies suggest that PHPT is more severe when vitamin D deficiency is present, a concept that was first proposed over 40 years ago [5] . Lower levels of 25-hydroxyvitamin D in PHPT have been associated with greater adenoma weight; more markedly elevated levels of PTH, calcium, and markers of bone turnover; lower bone mineral density (BMD); as well as the development of frank radiological features of PHPT, such as osteitis fibrosa cystica [1, [6] [7] [8] [9] [10] [11] [12] .
Use of vitamin D-containing multivitamins and vitamin D supplements is now widespread in the USA [13] . Although data are limited, some reports suggest that the prevalence of vitamin D deficiency may be declining in the general population [14] . Other reports suggest that the prevalence is actually increasing due to the increase in obesity, which is associated with low circulating 25-hydroxyvitamin D levels through a variety of potential mechanisms [15, 16] . Whether the secular trends in vitamin D status in the general population are also apparent in PHPT is unclear.
Given the reported effects of low 25-hydroxyvitamin D on the clinical profile of PHPT, ascertaining comparative changes in vitamin D in patients with PHPT is important. The purpose of this study was to compare the prevalence of low vitamin D levels as well as accompanying differences in serum biochemistries, calciotropic hormones, and BMD in two cohorts of PHPT patients recruited from the same demographic area over two decades apart at the same institution. The definitions of vitamin D insufficiency and deficiency are controversial even in the general population, and data on appropriate cut points in PHPT are lacking. For purposes of this analysis, we utilized commonly employed vitamin D thresholds which are recommended by the Endocrine Society Clinical Practice guidelines and other bone and mineral organizations (<30 and <20 ng/mL) [17] .
Methods

Design and subjects
This is a cross-sectional analysis comparing 25-hydroxyvitamin D and other calciotropic hormone levels, biochemistries, and areal BMD in two cohorts of PHPT patients. Both cohorts were recruited primarily by referrals from endocrinologists within the Metabolic Bone Diseases Unit and General Endocrinology Clinic or parathyroid surgeons in the Endocrine Surgery Clinic at Columbia University Medical Center (CUMC). Although CUMC is a tertiary care center for PHPT, our clinic serves the catchment area surrounding our hospital. The only difference in recruitment strategies between the cohorts was that in the new cohort, 3 % of study referrals came from the Internet. No filters were applied to the referral process except for the enrollment criteria below. The first PHPT cohort included the 103 of 139 patients enrolled between 1984 and 1991 in our longitudinal natural history study of PHPT in whom 25-hydroxyvitamin D and BMD values were available [18, 19] . Serum calcium and PTH levels in this subgroup were similar to those of the overall cohort. The second cohort represents participants enrolled between 2010 and 2014 in a cross-sectional study of the effect of vitamin D on skeletal health. Participants in the latter study represent consecutive patients who met enrollment criteria and agreed to participate. Participants in both studies were healthy ambulatory patients with PHPT. All patients gave written, informed consent. Both studies were approved by the Institutional Review Board of CUMC.
In both cohorts, PHPT was defined as the presence of hypercalcemia with a frankly elevated or inappropriately normal PTH level. None had thiazide-or lithium-induced hypercalcemia or familial hypocalciuric hypercalcemia (FHH). FHH was excluded on the basis of family history and a 24-h urine calcium excretion. No patients in the old cohort were taking bisphosphonates. Exclusion criteria for the more recent study included bisphosphonate use within the past 2 years; current use of cinacalcet or denosumab; current or previous use of prednisone >7.5 mg for more than 6 months; current or past use of carbamazepine, phenytoin, or phenobarbital for more than 3 months; malignancy within 5 years other than nonmelanomatous skin cancer; granulomatous diseases, HIV, serum creatinine level ≥1.5 mg/dL; liver disease; gastrointestinal diseases known to affect calcium metabolism or cause secondary hyperparathyroidism such as Crohn's disease, celiac disease, or gastric bypass; and pregnancy. Both symptomatic (i.e., those with nephrolithiasis) and asymptomatic PHPT were enrolled. Likewise, PHPT participants were enrolled whether or not they met 2008 consensus guidelines for parathyroidectomy [20] .
Clinical and biochemical evaluation
Demographic data, medical history, and medication use were obtained from participants as previously described [18, 21] . Fasting baseline samples were obtained for measurement of biochemistries. Serum calcium (normal range 8.4-10.2 mg/ dL), creatinine, as well as urine calcium were measured by automated analysis in both cohorts. Intact PTH was measured by IRMA in the old and new cohorts. The assay utilized for the old cohort was manufactured by Nichols Institute (normal range 10-65 pg/mL; intra-and inter-assay CV 3.4-4.1 and 1.0-3.5 %, respectively, over the range of the calibration curve; limit of detection 2.8 pg/mL) while the assay used for the new cohort was by Scantibodies Laboratory, Inc., Santee, CA (normal range 14-66 pg/mL; intra-and inter-assay CV 3.2-4.8 and 3.6-6.8 %, respectively; limit of detection 1.2 pg/mL) [22, 23] . These assays have similar performance characteristics with average PTH differences of only 1 pg/mL [24] . In the 1984-1991 cohort, 25-hydroxyvitamin D was quantitated by competitive protein-binding assay (intra-and inter-assay CV 8.3 and 8-16.5 %, respectively) and 1,25-dihydroxyvitamin D was measured by radioreceptor assay (intra-and inter-assay CV 6.8 and 11.8 %, respectively) [25, 26] . In the 2010-2014 cohort, serum 25-hydroxyvitamin D (intra-and inter-assay CV 7.0-7.7 % for D 3 and 4.5-8.3 % for D 2 ; limit of detection 4 ng/mL) and 1,25-dihydroxyvitamin D (intra-and inter-assay CV 6-8 and 9-10 %; limit of detection 8 pg/mL) were measured by liquid chromatography/tandem mass spectroscopy.
Bone mineral density
1984-1991 cohort
Before 1991, the BMD of the lumbar spine, femoral neck, and distal one third of the non-dominant radius was measured using single-photon and dual-photon absorptiometry (SP2 and DP3 scanners, respectively; Lunar Radiation, Madison, WI); thereafter, dual-energy X-ray absorptiometry (QDR-1000, Hologic, Waltham, MA) was used. All BMD measurements are presented in terms of converted values using methods previously described [18, 19] .
2010-2014 cohort
Areal BMD was measured by DXA at the lumbar spine, femoral neck, and one third distal radius sites (Hologic Inc., Waltham, MA). In vivo precision, determined according to the standard method at this facility, is 1.28 % at the lumbar spine, 1.36 % at the hip, and 0.70 % for the one third distal radius [27] . BMD measurements are presented as Z-scores. The use of T-scores was not widely adopted until 1994 and thus participants in the old cohort do not have T-scores.
Statistical analysis
Between-group differences in demographic and skeletal indices were evaluated by independent two-sided Student's t test, chisquare, or Fisher's exact test as appropriate. Critical test values were adjusted for unequal variances when appropriate. Associations between variables were assessed using Pearson correlation. Generalized linear models were used to assess betweengroup differences, adjusting for covariates (age and body mass index, BMI). Adjusted values are expressed as mean±SEM. For all analyses, a two-tailed p<0.05 was considered to indicate statistical significance. With the current sample size, the study had 80 % power with a two-tailed alpha of 5 % to detect between-group differences in 25-hydroxyvitamin D and PTH larger than 3.96 ng/mL and 23 pg/mL, respectively. Statistical analysis was performed using SAS, version 9.3 (Cary, NC).
Results
Both cohorts were predominantly female and had evidence of mild primary hyperparathyroidism; none had osteitis fibrosa cystica ( Table 1 ). The old cohort (1984-1991) included participants who were younger on average (p=0.0002), but there were no between-group differences in gender, race, ethnicity, or height. The more recent (2010-2014) cohort tended to weigh more (7 %, p=0.06) and have a higher BMI (6 %, p= 0.07) compared to the old cohort (Table 1) .
Despite their tendency toward greater weight and BMI, the more recent cohort had 26 % higher mean 25-hydroxyvitamin D levels (p<0.0001) ( Table 2 ). As shown in Fig. 1 , the prevalence of 25-hydroxyvitamin D <20 and <30 ng/mL was higher in the old as compared to the new cohort (p<0.0001 for both): 46 % had 25-hydroxyvitamin D levels <20 ng/mL (mean 15±4 ng/dL) and 82 % had a level <30 ng/mL (mean 19±6 ng/mL) in the old cohort as compared to 19 % (mean 14±3 ng/mL) and 54 % (mean 21± 6 ng/mL), respectively, in the new cohort. There were no differences in the prevalence of subjects with extremely low 25-hydroxyvitamin D (<10 ng/mL), which was uncommon in both cohorts (p=0.96).
No patients in the 1984-1991 cohort were taking vitamin D supplements while 64 % in the new cohort were taking vitamin D supplements. The median daily supplement dosage was 800 IU/day (range 71-7143 IU/day) in the new cohort, and 84 % of those with a 25OHD level >30 ng/mL were consuming vitamin D supplements.
Mean PTH levels were 33 % lower in the new as compared to the older cohort (Table 2 ; p<0.0001). This pattern was observed in the subset of patients with 25-hydroxyvitamin levels <30 ng/mL, whereas there were no between-group differences in PTH levels for those with 25-hydroxyvitamin D <20 or <10 ng/mL. There was a negative association between 25-hydroxyvitamin D and PTH in both the old (r=−0.28, p=0.005; regression equation: y = −2.016x + 171.81) and newer (r = −0.40, p < 0.0001; y = −1.653x + 132.59) cohorts (Fig. 2) . The slopes of regression lines did not differ (p=0.66).
There were no between-group differences in serum calcium concentration or in urinary calcium excretion (Table 3) . 1,25-Dihydroxyvitamin D levels were 21 % higher (p=0.0002) in the more recent cohort. In the new cohort, there was a trend toward higher 1,25-dihydroxyvitamin D levels in supplement users versus non-users (75±31 vs. 66±29 pg/mL, p=0.09). BMD as measured by DXA, presented as Z-scores in order to take into account age differences among the cohorts, was higher in the new versus old cohort at the lumbar spine, femoral neck, and one-third radius (Table 4) .
Of note, 25-hydroxyvitamin D levels remained higher (least squares mean±SEM 29.0±1.1 vs. 22.3±1.1 ng/mL, p<0.0001) and PTH levels lower (least squares mean±SEM 83±6 vs. 128±6 pg/mL, p<0.0001) in the more recent cohort after adjusting for differences in age and BMI. BMD Z-scores at all sites also remained higher after adjusting for BMI (all p<0.01).
Discussion
This first report of temporal trends in vitamin D levels in PHPT assessed the prevalence of low 25-hydroxyvitamin D levels in two cohorts recruited from the same catchment area at the same institution over a period spanning 30 years. Our results demonstrate a significant decline in percentage of patients with low 25-hydroxyvitamin D; 50 % fewer had 25-hydroxyvitamin D <20 ng/mL while 30 % fewer had 25-hydroxyvitamin D <30 ng/mL. Today, approximately half of our PHPT patients have 25-hydroxyvitamin D levels >30 ng/ mL. This increase in 25-hydroxyvitamin D levels occurred despite the trend toward greater weight and higher BMI in the more recent cohort, which should predispose to lower circulating 25-hydroxyvitamin D levels.
The difference in vitamin D status is likely due to increased use of vitamin D supplements, initiated on the part of either physicians or the patients themselves. There are several reasons for the more liberal use of vitamin D supplements in PHPT. First, in 2008, the Third International Workshop on Asymptomatic PHPT recommended measuring 25-hydroxyvitamin D in all patients with PHPT and repleting vitamin D to a 25-hydroxyvitamin D level >20 ng/mL, a recommendation reiterated in the newest guidelines as well [28, 29] . Second, there is increased public awareness regarding vitamin D deficiency and its potential association with health outcomes such as osteoporosis, cardiovascular disease, breast cancer, and other chronic illnesses that has led to widespread self-supplementation. Our results mirror some recent reports of changes in vitamin D supplementation and vitamin D status in the general population without PHPT [14, 30] .
In tandem with the increase in mean 25-hydroxyvitamin D level over time, we found lower PTH levels without any differences in serum or urine calcium. Although our data are cross-sectional and causality cannot be definitively imputed, it is possible that the differences in vitamin D status between the cohorts may account for the lower PTH concentration in the more recent, more vitamin D replete group of PHPT patients. Data from longitudinal studies have shown that vitamin D supplementation reduces PTH levels in PHPT [31] [32] [33] [34] [35] . In the older cohort, the PTH elevations may have been heightened by coexisting vitamin D deficiency. We cannot completely rule out the converse possibility, namely that other factors may have resulted in a decline in PTH over time leading to higher 25-hydroxyvitamin D levels (due to reduced transcription of the 1-α-hydroxylase). Alternative explanations could include changes in our referral patterns, changes in the disease itself, changes in disease incidence, or earlier detection of PHPT leading to a milder phenotype. Arguing against some of these possibilities, similar recruitment methods were utilized for both cohorts and the cohorts had similar demographics. More importantly, the similar slopes for the regression of PTH upon 25-hydroxyvitamin D in the two cohorts support the conclusion that the disease has not changed, only the prevalence of low vitamin D levels. Furthermore, if the decline in PTH were the primary factor, we would have expected to see lower levels of 1,25-dihydroxyvitamin D in the new cohort. Instead, levels were higher, likely reflecting greater substrate. Supporting this concept, we found a tendency toward higher 1,25-dihydroxyvitamin D levels among supplement users in the new cohort.
In addition to the biochemical differences between the two cohorts, we also found that the newer cohort had higher areal BMD. Whether the higher serum vitamin D levels, lower PTH levels, or both factors contributed to this BMD difference is unclear. A recent RCT found that treatment with 2800 IU/day of vitamin D improved vitamin D levels from 20 to 38 ng/mL and decreased PTH while lumbar spine BMD increased by 2.5 % versus the placebo, though there was no change in proximal femur or forearm BMD [36] . In contrast, uncontrolled studies have shown variable effects of vitamin D repletion upon BMD in PHPT [33, 37] . Caution needs to be exercised, however, in attributing causality to the association between higher vitamin D levels and better BMD in the new cohort. Other factors may also in part be responsible for this finding. There have been changes in BMD technology over time; although, measurements were compared using conversion methods previously validated in our longitudinal studies [18, 19] . It is also likely that changes in the referent databases used to calculate Z-scores occurred over time. Our newer cohort also had higher BMI, which predispose to better BMD, but BMD remained higher even after adjustment for this factor. Finally, the recent study more rigorously excluded those with conditions or medications known to influence bone metabolism other than PHPT.
It is, however, well-documented that the biochemical and skeletal presentation of PHPT has changed over time, so improved BMD over time would not be unexpected. Once a disease of "bones, stones, and abdominal groans," most patients with PHPT are now asymptomatic. Osteitis fibrosa cystica is rarely seen in the USA and PHPT patients most often have only subclinical evidence of bone loss detectable Values represent means±SD by DXA [18] . The change in presentation is largely attributed to the routine measurement of calcium, which began in the 1970s. At that time, it became clear that PHPT was more common than initially surmised and that many patients were, in fact, asymptomatic. Some work implicates higher 25-hydroxyvitamin D levels contributing to the decline in osteitis fibrosa cystica [38] . One might anticipate that further improvement in vitamin D status and PTH would be associated with higher BMD. Our study has several limitations, the most important of which is that the assays utilized to measure calciotropic hormones changed over time. Recent recognition of inaccuracies and inconsistencies among different commercially available 25-hydroxyvitamin D assays has led to vitamin D standardization programs to promote improved accuracy and reliability [39] . The method utilized for the new cohort (liquid chromatography/tandem mass spectrometry) is currently considered to be the gold standard. Cross-validation of vitamin D assays within our lab was not possible as there was no remaining serum from the old cohort and the older competitive protein-binding assay is no longer commercially available. Although we recognize this significant limitation, published data suggest that the competitive binding assay overestimates vitamin D compared to liquid chromatography/tandem mass spectroscopy when the major circulating metabolite is vitamin D 3 , as would be expected for the old cohort in whom there was no vitamin D supplementation. Since the older method tends to provide higher rather than lower values, any potential bias would have been expected to prejudice against the finding we report in this manuscript [40, 41] . Comparative studies have shown the two PTH assays utilized in the two cohorts provide similar results with average differences of only 1 pg/mL [24] . Therefore, although assay variability remains an important limitation, we believe our inferences are likely to be valid. Our study has several important strengths. The two cohorts are relatively large for studies of PHPT. The subjects come from the same geographic locale (latitude) and are well-characterized. Further, to our knowledge, this is the first study to assess temporal trends in vitamin D in patients with PHPT.
In conclusion, with the rise in vitamin D supplementation over the last two decades, fewer patients with mild PHPT in our catchment area have low 25-hydroxyvitamin D levels. The frequency of levels <20 and <30 ng/mL has declined by over 30 and 50 %, respectively. In the old cohort, PTH elevations due to PHPT may have been further heightened by coexisting vitamin D deficiency. Conversely, differences in vitamin D status may underlie the lower PTH concentration in the more recent, more vitamin D replete cohort of PHPT patients. These differences may be associated with a further subtle shift in the skeletal profile of modern day PHPT, as the negative effect of concomitant vitamin D deficiency becomes less evident.
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